Walking of antitumor bifunctional trinuclear PtII complex on double-helical DNA by Malina, Jaroslav et al.
Walking of antitumor bifunctional trinuclear Pt
II
complex on double-helical DNA
Jaroslav Malina
1, Jana Kasparkova
2, Nicholas P. Farrell
3 and Viktor Brabec
1,*
1Institute of Biophysics, Academy of Sciences of the Czech Republic, v.v.i., Kra ´lovopolska ´ 135,
CZ-61265 Brno,
2Department of Experimental Physics, Faculty of Sciences, Palacky University,
CZ-77146 Olomouc, Czech Republic and
3Department of Chemistry, Virginia Commonwealth University,
Richmond, Virginia 23284-2006, USA
Received July 27, 2010; Revised August 17, 2010; Accepted August 27, 2010
ABSTRACT
The trinuclear BBR3464 ([{trans-PtCl(NH3)2}2m-
(trans-Pt(NH3)2(H2N(CH2)6NH2)2)]
4+) belongs to the
polynuclear class of platinum-based anticancer
agents. DNA adducts of this complex differ signifi-
cantly in structure and type from those of clinically
used mononuclear platinum complexes, especially,
long-range (Pt, Pt) intrastrand and interstrand
cross-links are formed in both 50–50 and 30–30 orien-
tations. We show employing short oligonucleotide
duplexes containing single, site-specific cross-links
of BBR3464 and gel electrophoresis that in contrast
to major DNA adducts of clinically used platinum
complexes, under physiological conditions the
coordination bonds between platinum and N7 of G
residues involved in the cross-links of BBR3464 can
be cleaved. This cleavage may lead to the linkage
isomerization reactions between this metallodrug
and double-helical DNA. Differential scanning calor-
imetry of duplexes containing single, site-specific
cross-links of BBR3464 reveals that one of the
driving forces that leads to the lability of DNA
cross-links of this metallodrug is a difference
between the thermodynamic destabilization
induced by the cross-link and by the adduct into
which it could isomerize. The rearrangements may
proceed in the way that cross-links originally formed
in one strand of DNA can spontaneously translocate
from one DNA strand to its complementary counter-
part, which may evoke walking of the platinum
complex on DNA molecule.
INTRODUCTION
DNA binding, and the consequences for structure and
function, is the mechanistic paradigm by which many
drugs exert their antitumor activity (1). Structural
changes are manifested in many ways, both through
covalent modiﬁcation (the alkylating and platinating
agents), ‘non-covalent’ intercalators and minor-groove
binders as well as strand breakage. However, DNA as a
template affects kinetics of substitution reactions
occurring within its domain by exerting steric and elec-
tronic effects on small molecules interacting with it (2).
The nature of DNA—single- versus double stranded—
may also affect kinetics of aquation of platinum-based
antitumor agents (3). Most studies of DNA adducts
involve either global modiﬁcation or site-speciﬁc modiﬁ-
cation where the consequences of structural change and
protein recognition may be examined. The dynamic nature
of these DNA adducts, which may be dependent on the
nature of their structural distortions, has been less well
examined.
Platinum coordination compounds represent excellent
substrates for study of adduct interchange because, apart
from their clinical relevance, steric effects, geometry
and comparison of monofunctional or bifunctional substi-
tution on the DNA template may be systematically
explored. Indeed, for a series of mononuclear Pt
II
complexes, adducts formed in the reaction between these
complexes and DNA have been shown to be susceptible
to further transformations (4–7). The coordination
bonds between platinum and the base residues in
bifunctional adducts can be spontaneously cleaved with
essentially one cleavage reaction per cross-link (CL).
Such a cleavage generates intermediate monofunctional
adducts which can then react further to either restore
the original CL or form new structures, which may be
DNA–DNA or even DNA–protein CLs (7,8).
The trinuclear Pt
II complex, BBR3464 ([{trans-PtCl
(NH3)2}2m-(trans-Pt(NH3)2(H2N(CH2)6NH2)2)]
4+), is one
example of the polynuclear class of platinum drugs
in which the platinum coordination units are linked
by alkanediamine chains (9). This complex was designed
on the basis of the hypothesis systematically tested
*To whom correspondence should be addressed. Tel: +420 541517148; Fax: +420 51412499; Email: brabec@ibp.cz
720–728 Nucleic Acids Research, 2011, Vol. 39, No. 2 Published online 9 September 2010
doi:10.1093/nar/gkq803
 The Author(s) 2010. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.by us and others that structurally novel platinum
complexes that bind to DNA differently than conventional
antitumor mononuclear cisplatin {cis-[PtCl2(NH3)2], cis-
diamminedichloridoplatinum(II)} may have distinct cyto-
toxicity and side effect proﬁles (10). This hypothesis stems
from the fact that the antitumor activity of platinum-based
drugs is mediated by their ability to attack DNA
coordinating preferentially to guanine residues (11,12).
Biochemical and molecular biophysics experiments
established that BBR3464 forms a global DNA adduct
proﬁle which is fundamentally different from that of
cisplatin. While the most common adduct formed by
reaction of cisplatin with DNA is a short-range
1,2-intrastrand CL formed between neighboring purine
residues ( 90%), the trinuclear BBR3464 binds DNA in
a way very different from cisplatin. The distance between
Pt–Cl units in BBR3464 is  2.5nm (13,14), giving the
drug the ability to form long-range interstrand and
intrastrand CLs, where the platinated nucleotides are
separated by several (up to four) intervening base pairs
(15,16). As far as long-range interstrand CLs are con-
cerned, BBR3464 forms these lesions in natural DNA in
a considerably higher amount ( 20%) (15) than cisplatin
not only in the 50–50 direction like cisplatin, but also in the
less usual 30–30 direction (17). Interestingly, the direction-
ality of interstrand CLs of BBR3464 is dependent on the
nature of the CL. The 1,2-interstrand CL forms in only the
30–30 direction and the 1,4-interstrand CL is formed in
both directions, while the 1,6-interstrand CL forms in
only the 50–50 direction (17). The properties of these
site-speciﬁc adducts of BBR3464, such as conformational
distortions, are also distinctly different from those of the
short-range adducts of mononuclear cisplatin (17,18).
Importantly, in studying the properties of site-speciﬁc
long-range interstrand CLs of bifunctional polynuclear
Pt
II complexes, rearrangement of a small proportion into
intrastrand CLs can occur (19). These possible transform-
ations may be distinguished from the mononuclear cases
above because the latter involves bifunctional adducts on
one Pt center whereas in the polynuclear case two
monofunctional sites are involved. Thus, the inherent
steric effects around the Pt center of the mononuclear
bifunctional adduct are replaced by the steric constraints
of the conformational change as a whole. Since speciﬁc
adducts of BBR3464 distort DNA conformation differ-
ently, it is reasonable to expect that the energetic signa-
tures of these dissimilar adducts are different. Hence, in
the present work we focused on establishing correlations
between the energetic impact of various DNA adducts of
BBR3464 and their susceptibility to further transform-
ation. The results show for the ﬁrst time that the adduct
formed on one strand of DNA can spontaneously
translocate to its complementary strand.
MATERIALS AND METHODS
Starting materials
The nitrate salt of BBR3464 (Figure 1A) was prepared as
describedelsewhere(16,20).ThestocksolutionofBBR3464
was prepared at the concentration of 5 10
 4M
in MilliQ H2O and stored at 4 C in the dark. The concen-
tration of platinum in the stock solution was determined by
ﬂameless atomic absorption spectrometry (FAAS). The
synthetic oligodeoxyribonucleotides were purchased from
VBC-Genomics(Vienna,Austria)andpuriﬁedasdescribed
earlier (21,22). T4polynucleotide kinase was from New
England Biolabs (Beverly, MA, USA). Acrylamide,
bis(acrylamide), urea and NaCN were from Merck KgaA
(Darmstadt, Germany). DMS was from Sigma (Prague,
Czech Republic). [g-
32P]ATP was from Amersham
(Arlington Heights, IL, USA).
Platinations of oligonucleotides
Preparation of the intrastrand CL. The oligonucleotide
duplexes containing single, site-speciﬁc intrastrand CLs
of BBR3464 in the top strands of the duplexes shown in
Figure 1B and C were prepared as described earlier (18)
(see also Supplementary data SI).
Preparation of the interstrand CL. The oligonucleotide
duplexes containing single, site-speciﬁc interstrand CLs
of BBR3464 shown in Figure 1C were also prepared as
described earlier (17) (see also Supplementary data SI).
Kinetics of isomerization
The platinated top strands of the duplexes shown in
Figure 1B and C containing a single, site-speciﬁc
intrastrand CL of BBR3464 (50-end-labeled or non-
labeled) were mixed with unplatinated complementary
bottom strands (non-labeled or 50-end-labeled, respect-
ively) in 10mM Tris–Cl (pH 7.4) and 100mM or
150mM NaClO4 and incubated at 37 C. Aliquots were
withdrawn at various time intervals, the products
were separated on denaturing 24% PAA/8M urea gel
(PAA=polyacrylamide) and the bands were analyzed
by densitometry.
Figure 1. (A) Structure of BBR3464. (B) Nucleotide sequences of the
20-bp oligodeoxyribonucleotide duplexes GG, GTG, GT3G and
GT4G. (C) Nucleotide sequences of the 20-bp oligodeoxyribonucleotide
duplexes 50–50 and 30–30.
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Excess heat capacity (Cp) versus temperature proﬁles for
the thermally induced transitions of duplexes were
measured using a VP-DSC Calorimeter (Microcal,
Northampton, MA, USA). Other details were the same
as in our previous articles (23–25) (see also
Supplementary data SI).
RESULTS AND DISCUSSION
Rearrangement of the intrastrand CL formed by
BBR3464 in double-helical DNA
We demonstrated in our previous articles (15,17,18) that
preferential G binding of BBR3464 results in various types
of adducts including long range intrastrand and
interstrand CLs. Considering this fact we have designed
a series of synthetic oligodeoxyribonucleotide duplexes,
GG, GTG, GT3G and GT4G (Figure 1B). The
pyrimidine-rich top strands of these duplexes only con-
tained two G residues in the center (Figure 1B, bold).
These top strands were modiﬁed by BBR3464 so that
they contained a single 1,2-, 1,3-, 1,5-, or 1,6-intrastrand
CL of this platinum complex between two G residues
separated by 0, 1, 3 or 4nt, respectively.
The top strands of the duplexes GG, GTG, GT3G and
GT4G( 5 0-end labeled) containing the intrastrand CL were
hybridized with their complementary bottom strands
(which were not radioactively labeled) for 2 h at 4 Ci n
the buffer containing 10mM Tris–Cl (pH 7.4) and
100mM NaClO4. Thus, the samples of these duplexes
(20mM) were prepared so that each contained a single,
site-speciﬁc intrastrand CL between the two G residues in
thetopstrandandonlythetopstrandoftheseduplexeswas
50-end-labeled. These samples were further incubated at
37 C. At various time intervals, aliquots were withdrawn
and analyzed by gel electrophoresis under denaturing con-
ditions. The intrastrand CLs formed by BBR3464 after
pairing the platinated single-stranded oligonucleotides
with their complementary strands were labile except the
1,3-GTG intrastrand CL. As a function of time, the radio-
activity associated with the bands corresponding to the top
strands of the duplexes containing either 1,2-, 1,5- or
1,6-intrastrand CL of BBR3464 decreased with a concomi-
tant appearance of a new, markedly more slowly migrating
species (shown for GT3G duplex in Figure 2A); the radio-
activity associated with this new species increased with
growing time of the incubation. An explanation of this ob-
servation is transformation of the intrastrand CL resulting
in the interstrand cross-linked duplex (26). In addition, if
these markedly more slowly migrating species were cut-off
from the gels, eluted and puriﬁed in the same way as
described in previous articles (17,27) and subsequently
platinum was removed from these products after its incu-
bation with 0.2 M NaCN (pH 11) at 45 C for 10 h in the
dark, the resulting products comigrated in the gel with the
unplatinated top strands (shown for GT3G duplex in
Supplementary Figure S1). These results were interpreted
to mean that the 1,2-, 1,5- or 1,6-intrastrand CLs were
transformed into an interstrand CL whereas the
1,3-intrastrand CL was stable not only in the
single-stranded oligonucleotide, but also in the duplex.
After 24 h of incubation of the duplexes GG, GT3G and
GT4G containing an intrastrand CL of BBR3464, the
amount of these CLs transformed into the interstrand CL
varied and was dependent on the length of the intrastrand
CL (Figure 2C). The trend, as the rate of this rearrange-
ment reaction is concerned, was 1,6- >1,5-
>1,2-intrastrand CL.
A careful examination of the gels used to analyze the
duplexes in which the top strands were only 50-end-labeled
with
32P also revealed a faint band migrating slightly, but
signiﬁcantly faster than the bands corresponding to
the modiﬁed top strands (shown for GT3G duplex in
Figure 2A). These faint bands appeared only at longer
incubation times ( 8h) and their intensity increased
with the incubation time. The species contained in this
new faint band migrated at approximately the same rate
as the unplatinated top 20-mer single strands of duplexes
GG, GT3G and GT4G (shown in Figure 2A for the duplex
GT3G). The products contained in these faint bands were
cut-off from the gels, eluted and puriﬁed and the amount
Figure 2. Rearrangement of the intrastrand CL formed by BBR3464 in
the 20-bp duplexes GG, GTG, GT3G and GT4G. The top strands of
these duplexes were modiﬁed so that they contained a single,
site-speciﬁc 1,2-GG, 1,3-GTG, 1,5-GT3G and 1,6-GT4G intrastrand
CL, respectively. These platinated single-stranded oligodeoxyribonu-
cleotides (20mM) were allowed to anneal with the unplatinated com-
plementary (bottom) strands in 10mM Tris–Cl (pH 7.4) and 100mM
NaClO4 and further incubated at 37 C. At various time intervals, the
aliquots were withdrawn and analyzed by electrophoresis in 12% PAA/
8 M urea gel. Autoradiograms of the gels of the duplex GT3G modiﬁed
by BBR3464 radioactively labeled at the 50-end of its top (A) or bottom
(B) strand. Incubation times are indicated above each lane. (C) Plot of
the percentages of intrastrand CLs of BBR3464 in the 20-bp duplexes
GG (ﬁlled square), GTG (ﬁlled triangle), GT3G (ﬁlled inverted triangle)
and GT4G (ﬁlled rhombus) versus time. These percentages were
calculated from the ratio of the radioactivity in each lane associated
with the band corresponding to the platinated top strand to the sum of
the radioactivities associated with all bands (multiplied by 100). For
other details, see the text.
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FAAS and absorption spectrophotometry. The results
conﬁrmed that these products contained no platinum.
The identical experiments were also performed with the
duplexes GG, GTG, GT3G and GT4G in which the
bottom strand was only 50-end-labeled with
32P. In prin-
ciple, the results obtained were analogous to those with
the duplexes in which their top strands were radioactively
labeled. As a function of time, the radioactivity associated
with the band corresponding to the bottom strand of the
duplex GTG containing 1,3-intrastrand CL remained un-
affected. In contrast, the radioactivity associated with the
bands corresponding to the bottom strands of the
duplexes GG, GT3G and GT4G containing either 1,2-,
1,5- or 1,6-intrastrand CL of BBR3464, respectively,
decreased with a concomitant increase of the radioactivity
associated with the new, markedly more slowly migrating
species corresponding to the interstrand cross-linked
duplexes (shown for GT3G duplex in Figure 2B). The
platinated bases in the bottom strands of the interstrand
cross-linked duplexes resulting from the rearrangement of
the intrastrand CLs in the top strands of the duplexes were
impossible to identify unambiguously since the bottom
strands of these duplexes contained several Gs as potential
sites involved in these interstrand CLs. Nevertheless,
Maxam–Gilbert [dimethyl sulfate (DMS)] footprinting of
the markedly more slowly migrating species revealed that
the rearrangement of the intrastrand CL in the top strand
led to the reduction of the intensity of the bands corres-
ponding to several G’s in the bottom strand (shown for
GT3G duplex in Supplementary Figure S2). This result
suggests that these species emergent from rearrangement
of intrastrand CLs were various long-range interstrand
CLs of BBR3464.
Moreover, another new (faint) bands migrating slightly,
but signiﬁcantly more slowly than the bands correspond-
ing to the unplatinated bottom strands (shown for GT3G
duplex in Figure 2B) appeared. This new species
comigrated with the bottom single strands containing an
intrastrand CL. The amount of Pt atoms contained in
these products was estimated by FAAS and absorption
spectrophotometry. The results conﬁrmed that the ratio
of Pt:nucleotide in these products was 3:20; this result is
consistent with thesis that one molecule of the trinuclear
Pt complex BBR3464 was bound to one molecule of the
20-mer bottom strand.
In aggregate, our results are consistent with the view
and strongly support the thesis that some intrastrand
and interstrand CLs formed in double-helical DNA by
BBR3464 are susceptible to intramolecular rearrange-
ment. More speciﬁcally, our results demonstrate that
BBR3464 was translocated from originally platinated
top strand to originally unplatinated bottom strand via
intermediate interstrand CL.
In order to further explore this phenomenon we have
designed two synthetic 20-bp oligodeoxyribonucleotide
duplexes, 50–50 and 30–30, whose sequences are shown in
Figure 1C. The pyrimidine-rich top strands of these
duplexes only contained two G residues in the sequence
GT3G in the center (Figure 1C, bold). These top strands
were modiﬁed by BBR3464 so that they contained a
single 1,5-intrastrand CL of this platinum complex
between the two Gs. The duplexes 50–50 and 30–30 were
also designed in such a way that their bottom (comple-
mentary) strands contained only two Gs (shown in
boldface in Figure 1C). Thus, given that the
1,5-intrastrand CL in the top strand is susceptible to re-
arrange into a G(Nn)G interstrand CL (N is a nucleotide
and n=0,1,3,4) and that BBR3464 tends to form
long-range CLs spanning maximum 6 nts (up to a
1,6-GG CL) (15,16) then the 50 G of the 1,5-intrastrand
CL of BBR3464 in the top strand of the duplex 50–50
might rearrange into the 1,3- or 1,5-interstrand CL in
the 50–50 orientation involving 30 or 50 G, respectively,
in the bottom strand. Similarly, the 30 G of the
1,5-intrastrand CL of BBR3464 in the top strand of
the duplex 30–30 might rearrange into the 1,3- or
1,5-interstrand CL in the 30–30 orientation involving 50
or 30 G, respectively, in the bottom strand.
The duplex 50–50 containing the single, site-speciﬁc
1,5-intrastrand CL in which only the bottom strand was
50-end labeled was incubated at 37 C in the medium of
10mM Tris–Cl (pH 7.4) and 150mM NaClO4 and
analyzed by gel electrophoresis. As a function of time,
the radioactivity associated with the band corresponding
to the bottom strand of this duplex 50–50 containing
1,5-intrastrand CL of BBR3464 decreased with a con-
comitant increase of the radioactivity associated with the
new, markedly more slowly migrating species [Figure 3A
(right) and C]. This result demonstrates that the
1,5-intrastrand CLs in the duplex 50–50 was transformed
into an interstrand CL. The platinated bases in the
product resulting from the rearrangement of the
intrastrand cross-linked duplexes were identiﬁed from
Maxam–Gilbert (DMS) footprinting. The result con-
ﬁrmed that the product was an interstrand CL formed
between the 30 G of the top strand and the 30 G in the
bottom strand of the duplex 50–50, i.e. the 1,3-interstrand
CL was formed in the 50–50 direction. In addition, a faint
band occurred migrating slightly, but signiﬁcantly more
slowly than the band corresponding to the nonmodiﬁed
bottom strand. This faint band appeared only at longer
incubation times ( 1day) and the species corresponding
to this band migrated in the gel at the same rate as the
bottom single strand of the duplex 50–50 (Figure 3A, right)
containing single, site-speciﬁc 1,3-GTG intrastrand CL of
BBR3464. It was also veriﬁed by platinum FAAS and by
the measurements of the optical density that the product
contained three platinum atoms per one molecule of this
product. Hence, a plausible explanations of these results is
that 1,5-intrastrand CL of BBR3464 in the top strand of
the duplex 50–50 isomerizes forming successively ﬁrst
1,3-interstrand CL in the 50–50 direction which further
isomerizes forming 1,3-intrastrand CL in the bottom
strand.
The identical experiments were also performed with the
duplex 50–50 in which the top strand (containing
1,5-intrastrand CL of BBR3464) was only 50-end-labeled
with
32P. The radioactivity associated with the band cor-
responding to the top strand of the duplex 50–50 containing
1,5-intrastrand CL decreased with a concomitant increase
of the radioactivity associated with the new species
Nucleic AcidsResearch, 2011, Vol.39,No. 2 723Figure 3. Rearrangement of the 1,5-intrastrand CL formed by BBR3464 in the 20-bp duplexes 50–50 and 30–30. The top strands of these duplexes
were modiﬁed so that they contained a single, site-speciﬁc 1,5-GT3G-intrastrand CL. These platinated single-stranded oligodeoxyribonucleotides
(20mM) were allowed to anneal with the unplatinated complementary (bottom) strands in 10mM Tris–Cl (pH 7.4) and 150mM NaClO4. At various
time intervals, the aliquots were withdrawn and analyzed by electrophoresis in 24% PAA/8 M urea gel. (A) Autoradiograms of the gels of the duplex
50–50 (right) and 30–30 (left) modiﬁed by BBR3464 radioactively labeled at the 50-end of its bottom strand. Lane 1, 50-end labeled single-stranded
bottom strand containing 1,3-intrastrand CL of BBR3464; lanes 2–10, duplex incubated at 37 C for 0, 3, 20, 29, 45, 53, 69, 77 and 166h, respectively;
lane 11, 50-end labeled duplex containing 1,3-interstrand CL of BBR3464. (B) Autoradiograms of the gels of the duplex 50–50 (right) and 30–30 (left)
modiﬁed by BBR3464 radioactively labeled at the 50-end of its top strand containing 1,5-intrastrand CL of BBR3464. Lane 1, 50-end labeled
single-stranded top strand; lanes 2–10, duplex incubated at 37 C for 0, 3, 20, 29, 45, 53, 69, 77 and 166 h, respectively; lane 11, 50-end labeled
duplex containing 1,3-interstrand CL of BBR3464. (C) Plot of the percentages of 1,5-intrastrand CL of BBR3464 [1,5-IAC (%)] in the 20-bp
duplexes 50–50 (open square) and 30–30 (ﬁlled square) versus time. These percentages were calculated from the ratio of the radioactivity in each lane
associated with the band corresponding to the nonmodiﬁed bottom strand to the sum of the radioactivities associated with all bands (multiplied by
100). (D) Plot of the percentages of the products of the isomerization of 1,5-intrastrand CL of BBR3464 [adduct (%)] in the 20-bp duplexes 50–50 and
30–30 versus time: (open square), 1,3-interstrand CL formed in the 50–50 orientation in the duplex 50–50 (1,3-IEC 50–50); (open circle), 1,3-intrastrand
CL formed in the bottom strand of the duplex 50–50 (1,3-IAC 50–50); (ﬁlled square), 1,3-interstrand CL formed in the 30–30 orientation in the duplex
30–30 (1,3-IEC 30–30); (ﬁlled circle), 1,3-intrastrand CL formed in the bottom strand of the duplex 30–30 (1,3-IAC 30–30). These percentages were
calculated from the ratio of the radioactivity in each lane associated with the band corresponding to each product to the sum of the radioactivities
associated with all bands (multiplied by 100). For other details, see the text.
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same rate as the duplex 50–50 containing single, site-speciﬁc
1,3-interstrand CL (Figure 3B, right). Moreover, another
new band migrating slightly, but signiﬁcantly faster
than the band corresponding to the platinated top
strand appeared at longer incubation times which
comigrated with the unplatinated top single strand of
the duplex 50–50. The analysis by FAAS and absorption
spectrophotometry revealed no platinum contained in this
product.
Similar experiments were also performed with the
duplex 30–30 containing the single, site-speciﬁc
1,5-intrastrand CL of BBR3464. As a function of time,
the radioactivity associated with the band corresponding
to the bottom strand of this duplex 30–30 containing
1,5-intrastrand CL decreased [Figure 3A (left) and C],
but markedly more slowly than in the case of the duplex
50–50 [Figure 3A (right) and C]. This new band migrated
at the same rate as the duplex 30–30 (Figure 3A, left)
containing single, site-speciﬁc 1,3-interstrand CL. This
result demonstrates that similarly as in the case of the
1,5-intrastrand CL in the duplex 50–50 this intrastrand
adduct formed in the duplex 30–30 was transformed into
an interstrand CL as well, but much less readily. The
platinated bases in the product resulting from the
rearrangement of the intrastrand cross-linked duplex
30–30 were identiﬁed from Maxam–Gilbert (DMS) foot-
printing as those involved in the interstrand CL formed
between the 50 G of the top strand and the 50 Gi n
the bottom strand of the duplex 30–30, i.e. in the
1,3-interstrand CL formed by BBR3464 in the 30–30
direction. The incubation of the duplex 30–30 containing
the single, site-speciﬁc 1,5-intrastrand CL in which only
the bottom strand was 50-end labeled also resulted in a
small amount of additional product when the platinated
duplex 30–30 was incubated for a longer time ( 2 days)
(Figure 3A, left). If the duplex 30–30 in which the top
strand (containing 1,5-intrastrand CL of BBR3464) was
only 50-end-labeled with
32P, the radioactivity associated
with the band corresponding to the top strand of the
duplex 30–30 containing 1,5-intrastrand CL decreased;
concomitantly, the radioactivity associated with the new
species migrating markedly more slowly at approximately
the same rate as the duplex 30–30 containing single,
site-speciﬁc 1,3-interstrand CL increased (Figure 3B,
left). Moreover, another new band migrating slightly,
but signiﬁcantly faster than the band corresponding to
the platinated top strand appeared at longer incubation
times ( 2 days) which comigrated with the unplatinated
top single strand of the duplex 30–30. The analysis
by FAAS and absorption spectrophotometry revealed
no platinum contained in this product. Thus, in contrast
to the rearrangement of the 1,5-intrastrand CL formed
by BBR3464 in the duplex 50–50, the rearrangement
of this CL formed in the duplex 30–30 was relatively
very slow.
The experiments described above were performed in the
medium of 10mM Tris–Cl (pH 7.4) and 150mM NaClO4,
but identical yields of the rearrangement reactions were
obtained if NaClO4 was replaced by NaCl.
Differential scanning calorimetry
Microcalorimetric technique was used to characterize the
effect of intrastrand and interstrand CLs of BBR3464
on the thermal stability and energetics of the 20-bp
DNA duplexes 50–50 and 30–30 (for their sequences, see
Figure 1C). Such thermodynamic data can show how
the platinum CL inﬂuences duplex stability, a property
that may affect stability and consequently susceptibility
of these DNA lesions to isomerize. Recently, differential
scanning calorimetry (DSC) was used to characterize the
inﬂuence of different CLs of platinum antitumor drugs on
the thermal stability and energetics of 15–20-bp DNA
duplexes site-speciﬁcally modiﬁed by these drugs
(23–25,28,29). We decided to expand these studies to
20-bp oligodeoxyribonucleotide duplexes containing
unique CLs formed by BBR3464, namely 1,5-intrastrand
CLs, and 1,3-intra and interstrand CLs which might occur
as a consequence of the spontaneous rearrangement of the
1,5-intrastrand CL described above (Figure 4).
DSC melting proﬁles (Cp versus T) of the parent un-
modiﬁed duplexes 50–50 and 30–30 and the same duplexes
containing a single, 1,5-intrastrand CL of BBR3464 in the
top strand, 1,3-interstrand CLs formed in 50–50 or 30–30
direction, and 1,3-intrastrand CL in the bottom strand
are shown in Figure 4A and B. Importantly, denaturation
Figure 4. DSC thermograms for the duplexes 50–50 (A) and 30–30
(B) nonmodiﬁed (solid line) and containing a single 1,5-intrastrand
CL in the top strand (dashed line), 1,3-interstrand CL (dotted line)
or 1,3-intrastrand CL in the bottom strand (dot–dashed line)
of BBR3464. The duplex concentration was 30mM, and the buffer
conditions were 10mM phosphate buffer (pH 7) plus 150mM NaCl.
For other details, see the text.
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unmodiﬁed or platinated duplexes were superimposable,
which is consistent with the reversibility of the melting
equilibrium; in addition, the ﬁrst and subsequent DSC
curves recorded for the same sample of the platinated
duplexes were also superimposable (not shown). These
results support the thesis that the adducts at elevated tem-
peratures during the DSC experiment were thermally
stable, i.e. that the elevated temperatures to which the
platinated samples were exposed during the DSC experi-
ment induced no adduct rearrangement, decomposition or
dissociation of the platinum complex from the duplex.
This thesis is also corroborated by the analysis of the
platinated samples, which were exposed to the elevated
temperatures during the DSC experiment, by platinum
FAAS, gel electrophoresis under denaturing conditions
and Maxam–Gilbert footprinting of platinum coordinated
to G residues in DNA (26,30) (not shown). These analyses
conﬁrmed one molecule of BBR3464 bound to the
platinated duplex and that the positions of the two
platinated G residues in the duplexes containing single,
site-speciﬁc intra- or interstrand CL remained unchanged
during the DSC experiment.
All thermodynamic parameters discussed in this work
(Table 1) refer to the duplex dissociation process.
Differences in the dissociation thermodynamics due to
the presence of an adduct are presented as ‘’ param-
eters. These parameters are computed by subtracting the
appropriate value measured for the control, the
unplatinated duplex, from the value measured for the
duplex containing the single, site-speciﬁc platinum
adduct and are reported in Table 1 in parentheses. In
addition, the transition entropy for a bimolecular
complex depends on strand concentration. To eliminate
the effect of different molecularities of the unplatinated
or intrastrand and interstrand cross-linked duplex
systems, we also performed a correction for this concen-
tration dependence using the general procedure outlined
by Marky and Breslauer (31) to calculate a reduced
(concentration independent) entropy (S*) (Table 1).
More speciﬁcally, we subtracted out the portion of
the entropy attributable to molecularity >1. For a bimol-
ecular process this is RTln(Ct/4) (where R is the gas
constant and Ct equals to the total strand concentration).
This term is derived from a model that assumes a truly
two-state process, which is valid only for short oligo-
nucleotides. The 20-bp duplexes used in this DSC study
may be long enough to be approaching the pseudomono-
molecular behavior of polymeric DNA. Therefore,
entropy may be over-corrected by use of the standard
model. Nevertheless, this should not compromise com-
parisons among S and G
0
25 values within this
study. On the other hand, this should be taken into con-
sideration in the case when comparisons to corresponding
’s from oligonucleotides of different lengths are made.
Inspection of the thermodynamic parameters in Table 1
reveals a number of interesting features. First, the forma-
tion of the CLs in the duplex 50–50 (1,5-intrastrand CL in
the top strand, 1,3-interstrand CL in the 50–50 direction, or
1,3-intrastrand CL in the bottom strand) reduced the
duplex 50–50 thermodynamic stability (G
0
25), the trend
was 1,5-intrastrand CL in the top strand >1,3-interstrand
CL in the 50–50 direction >1,3-intrastrand CL in the
bottom strand. In contrast, the formation of the CLs in
the duplex 30–30 (1,5-intrastrand CL in the top strand,
1,3-interstrand CL in the 30–30 direction, or 1,3-intrastrand
CL in the bottom strand) also reduced the duplex 30–30
thermodynamic stability (G
0
25). The trend was similar as
in the case of the duplex 50–50, but the difference between
G
0
25 values obtained for 1,5-intrastrand and
1,3-interstrand CL in the duplex 30–30 was very small (cf.
only 0.5kJmol
 1 in the duplex 30–30 and 5.8 in the duplex
50–50).
Interestingly, the formation of all adducts of BBR3464
analyzed in the present work by DSC resulted in a large
decrease in the enthalpy of duplex dissociation (Table 1).
In other words, these adducts enthalpically destabilized
the duplexes 50–50 and 30–30 relative to their unmodiﬁed
counterparts. On the other hand, the formation of these
adducts resulted in a substantial decrease in the duplex
dissociation entropy (Table 1). Thus, the net result of
these enthalpic and entropic effects was that the formation
of the adducts byBBR3464 induced a decrease in the free
energy of duplex dissociation at 25 C( G
0
25; Table 1),
this duplex destabilization being enthalpic in origin.
CONCLUDING REMARKS
We discovered during the course of the studies of DNA
modiﬁcations by antitumor trinuclear and bifunctional
Pt
II complex, BBR3464 that some CLs of this platinum
compound were not stable. This observation prompted us
to undertake a systematic study of the stability of the CLs
formed in DNA by BBR3464. In this article, we show that
under physiological conditions the coordination bonds
between platinum and N7 of G residues involved in
intrastrand or interstrand CLs of BBR3464 can be
cleaved leading to the linkage isomerization reactions
Table 1. Calorimetrically derived thermodynamic parameters for the
dissociation (melting) of the 20-bp duplexes that are unmodiﬁed or
contain a single, site-speciﬁc cross-link of BBR3464
a
Duplex Hcal
b S G
0
25
(kJmol
 1) (kJK
 1 mol
 1) (kJmol
 1)
50–50  541.5  1.535
c  83.7
c
1,5-intrastrand CL  397.2 (144.3)  1.151
c (0.384)  54.0
c (29.7)
1,3-interstrand CL  480.4 (61.1)  1.411 (0.124)  59.8 (23.9)
1,3-intrastrand CL  471.6 (69.9)  1.356
c (0.179)  67.4
c (16.3)
30–30  546.1  1.567
c  79.1
c
1,5-intrastrand CL  405.5 (140.6)  1.192
c (0.375)  50.1
c (29.0)
1,3-interstrand CL  492.6 (53.5)  1.482 (0.085)  50.6 (28.5)
1,3-intrastrand CL  426.0 (120.1)  1.244
c (0.323)  55.2
c (23.9)
aThe ‘’ parameters are given in parentheses (these parameters are
computed by subtracting the appropriate value measured for the
control, the unmodiﬁed duplex, from the value measured for the
duplex containing the single, site-speciﬁc CL).
bModel-independent calorimetric enthalpies Hcal were derived from
DSC experiments.
cDenotes reduced values (for the details, see the text). Reduced free
energy G
0
25* (at 25 C) was calculated from the observed Hcal
values and the reduced entropy S* values.
726 Nucleic Acids Research, 2011,Vol. 39,No. 2between this metallodrug and double-helical DNA
substrate.
Upon incubation at 37 C of the 20-bp duplexes contain-
ing a single, site-speciﬁc 1,2-, 1,5- or 1,6-intrastrand CLs
between G residues, we have shown the following main
points: (i) the coordination bonds between Pt and the N7
of one of the G residues within the intrastrand adduct in
the top strand are cleaved; (ii) the intrastrand CL cleavage
leads to the formation of interstrand CLs, the rate of this
linkage isomerization reaction is markedly higher if the
interstrand CL is formed in the 50–50 orientation; (iii) the
interstrand CLs react further to form intrastrand CL in
the bottom strand; (iv) this successive rearrangement may
proceed in the way that the molecule of BBR3464 origin-
ally coordinated to one strand of DNA can spontaneously
translocate from this strand to its complementary coun-
terpart via intermediate interstrand CL (Figure 5), which
may evoke walking of this platinum complex on DNA
molecule.
Migration of platinum complex from one strand to
another in double-helical DNA has not been previously
reported. This discovery reveals that reactions of platinum
compounds with DNA can be unexpectedly complex,
and has interesting implications about the importance of
thermodynamic destabilization of DNA induced by
the platinum lesions in determining target sites on DNA
for binding of platinum drugs. In particular, the
intrastrand and interstrand CLs of BBR3464 were found
to be unstable if the sequence context enables the CL to
rearrange into the new CL which thermodynamically
destabilizes DNA considerably less. In other words, the
results demonstrate that one of the driving forces
that leads to the lability of DNA CLs of BBR3464 is a
difference between the thermodynamic destabilization
induced by the CL and by the adduct into which it
could isomerize.
An understanding of how the physical and chemical
differences of adducts of platinum antitumor compounds
affect sequence selectivity of their DNA binding may
provide insights into how to design more effective
platinum agents or lead to the development of strategies
to design new platinum agents targeting preselected nu-
cleotide sequences in DNA forming in these sequences the
most disruptive types of lesions. Furthermore, informa-
tion of this type may provide a better understanding of
the cytotoxic and mutagenic potential of speciﬁc lesions
that are formed by platinum and perhaps also by DNA
alkylating agents. There are some similarities in the mech-
anism of action of antitumor platinum complexes and
DNA alkylating agents. Hence, interesting generalization
of the results described in this work might be that migra-
tion of the DNA alkylating agents from one strand to
another in double-helical DNA controlled by energetic
signatures of these agents might be possible as well.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENTS
J.K. is an international research scholar of the Howard
Hughes Medical Institute.
FUNDING
The Ministry of Education of the CR (LC06030,
6198959216, ME08017, ME10066, OC08003 and
OC09018); Academy of Sciences of the CR
(IAA400040803, KAN200200651, M200040901,
AV0Z50040507 and AV0Z50040702); Grant Agency of
Figure 5. Scheme of the linkage isomerization reactions between BBR3464 and double-helical DNA substrate. The driving force that leads to the
lability of DNA CLs of this metallodrug is a difference between the thermodynamic destabilization induced by the CL and by the adduct into which
it isomerizes. Interestingly, the rearrangements proceed in the way that the CL originally formed in one strand of DNA can spontaneously trans-
locate from one DNA strand to its complementary counterpart. G
0
25 values refer to the duplex dissociation process.
Nucleic AcidsResearch, 2011, Vol.39,No. 2 727the CR (P301/10/0598). Funding for open access charge:
Czech National Science Foundation.
Conﬂict of interest statement. None declared.
REFERENCES
1. Hurley,L.H. (2002) DNA and its associated processes as targets
for cancer therapy. Nature Rev. Cancer, 2, 188–200.
2. Cusumano,M., DiPietro,M.L., Giannetto,A., Messina,M.A. and
Romano,F. (2001) Catalysis and inhibition of ligand substitution
in palladium(II) square-planar complexes: Effects of DNA.
J. Am. Chem. Soc., 123, 1914–1919.
3. Davies,M.S., Berners-Price,S.J., Cox,J.W. and Farrell,N. (2003)
The nature of the DNA template (single- versus double-stranded)
affects the rate of aquation of a dinuclear Pt anticancer drug.
Chem. Commun., 122–123.
4. Comess,K.M., Costello,C.E. and Lippard,S.J. (1990) Identiﬁcation
and characterization of a novel linkage isomerization in the
reaction of trans- diamminedichloroplatinum(II) with 50-d (TCTA
CGCGTTCT). Biochemistry, 29, 2102–2110.
5. Perez,C., Leng,M. and Malinge,J.M. (1997) Rearrangement
of interstrand cross-links into intrastrand cross-links in
cis-diamminedichloroplatinum(II)-modiﬁed DNA. Nucleic Acids
Res., 25, 896–903.
6. Giraud-Panis,M.-J. and Leng,M. (2000) Transplatin-modiﬁed
oligonucleotides as modulators of gene expression. Pharmacol.
Therapeutics, 85, 175–181.
7. Chvalova,K., Brabec,V. and Kasparkova,J. (2007) Mechanism of
the formation of DNA-protein cross-links by antitumor cisplatin.
Nucleic Acids Res., 35, 1812–1821.
8. Kane,S.A. and Lippard,S.J. (1996) Photoreactivity of platinum(II)
in cisplatin-modiﬁed DNA affords speciﬁc cross-links to HMG
domain proteins. Biochemistry, 35, 2180–2188.
9. Farrell,N. (2004) Polynuclear platinum drugs. In Sigel,A. and
Sigel,H. (eds), Metal Ions in Biological Systems, Vol. 42. Marcel
Dekker Inc., New York, Basel, pp. 251–296.
10. Farrell,N., Kelland,L.R., Roberts,J.D. and Van Beusichem,M.
(1992) Activation of the trans geometry in platinum antitumor
complexes: a survey of the cytotoxicity of trans complexes
containing planar ligands in murine-L1210 and human tumor
panels and studies on their mechanism of action. Cancer Res., 52,
5065–5072.
11. Jamieson,E.R. and Lippard,S.J. (1999) Structure, recognition, and
processing of cisplatin-DNA adducts. Chem. Rev., 99, 2467–2498.
12. Wang,D. and Lippard,S.J. (2005) Cellular processing of platinum
anticancer drugs. Nature Rev. Drug Discov., 4, 307–320.
13. Davies,M.S., Thomas,D.S., Hegmans,A., Berners-Price,S.J. and
Farrell,N. (2002) Kinetic and equilibria studies of the aquation of
the trinuclear platinum phase II anticancer agent
[{trans-PtCl(NH3)2}2{m-trans-Pt(NH3)2(NH2(CH2)6NH2)2}]
4+
(BBR3464). Inorg. Chem., 41, 1101–1109.
14. McGregor,T.D., Hegmans,A., Kasparkova,J., Neplechova,K.,
Novakova,O., Penazova,H., Vrana,O., Brabec,V. and Farrell,N.
(2002) A comparison of DNA binding proﬁles of dinuclear
platinum compounds with polyamine linkers and the trinuclear
platinum phase II clinical agent BBR3464. J. Biol. Inorg. Chem.,
7, 397–404.
15. Brabec,V., Kasparkova,J., Vrana,O., Novakova,O., Cox,J.W.,
Qu,Y. and Farrell,N. (1999) DNA modiﬁcations by a novel
bifunctional trinuclear platinum Phase I anticancer agent.
Biochemistry, 38, 6781–6790.
16. Hegmans,A., Berners-Price,S.J., Davies,M.S., Thomas,D.,
Humphreys,A. and Farrell,N. (2004) Long range 1,4 and
1,6-interstrand cross-links formed by a trinuclear platinum
complex. Minor groove pre-association affects kinetics and
mechanism of cross-link formation as well as adduct structure.
J. Am. Chem. Soc., 126, 2166–2180.
17. Kasparkova,J., Zehnulova,J., Farrell,N. and Brabec,V. (2002)
DNA interstrand cross-links of the novel antitumor trinuclear
platinum complex BBR3464. Conformation, recognition by high
mobility group domain proteins, and nucleotide excision repair.
J. Biol. Chem., 277, 48076–48086.
18. Zehnulova,J., Kasparkova,J., Farrell,N. and Brabec,V. (2001)
Conformation, recognition by high mobility group domain
proteins, and nucleotide excision repair of DNA intrastrand
cross-links of novel antitumor trinuclear platinum complex
BBR3464. J. Biol. Chem., 276, 22191–22199.
19. Ruhayel,R.A., Moniodis,J.J., Yang,X., Kasparkova,J., Brabec,V.,
Berners-Price,S.J. and Farrell,N.P. (2009) Factors affecting
DNA-DNA interstrand cross-links in the antiparallel 30-30 sense:
A comparison with the 50-50 directional isomer. Chem. Eur. J., 15,
9365–9374.
20. Cox,J.W., Berners-Price,S., Davies,M.S., Qu,Y. and Farrell,N.
(2001) Kinetic analysis of the stepwise formation of a long-range
DNA interstrand cross-link by a dinuclear platinum antitumor
complex: Evidence for aquated intermediates and formation of
both kinetically and thermodynamically controlled conformers.
J. Am. Chem. Soc., 123, 1316–1326.
21. Brabec,V., Reedijk,J. and Leng,M. (1992) Sequence-dependent
distortions induced in DNA by monofunctional platinum(II)
binding. Biochemistry, 31, 12397–12402.
22. Kasparkova,J., Farrell,N. and Brabec,V. (2000) Sequence
speciﬁcity, conformation, and recognition by HMG1 protein of
major DNA interstrand cross-links of antitumor dinuclear
platinum complexes. J. Biol. Chem., 275, 15789–15798.
23. Malina,J., Hofr,C., Maresca,L., Natile,G. and Brabec,V. (2000)
DNA interactions of antitumor cisplatin analogs containing
enantiomeric amine ligands. Biophys. J., 78, 2008–2021.
24. Hofr,C. and Brabec,V. (2001) Thermal and thermodynamic
properties of duplex DNA containing site-speciﬁc interstrand
cross-link of antitumor cisplatin or its clinically ineffective trans
isomer. J. Biol. Chem., 276, 9655–9661.
25. Nova ´ kova ´ ,O., Malina,J., Kasˇpa ´ rkova ´ ,J., Hala ´ mikova ´ ,A.,
Bernard,V., Intini,F., Natile,G. and Brabec,V. (2009) Energetics,
conformation, and recognition of DNA duplexes modiﬁed by
methylated analogues of [PtCl(dien)]
+. Chem. Eur. J., 15,
6211–6221.
26. Brabec,V. and Leng,M. (1993) DNA interstrand cross-links of
trans-diamminedichloroplatinum(II) are preferentially formed
between guanine and complementary cytosine residues.
Proc. Natl Acad. Sci. USA, 90, 5345–5349.
27. Boudvillain,M., Dalbies,R., Aussourd,C. and Leng,M. (1995)
Intrastrand cross-links are not formed in the reaction between
transplatin and native DNA: relation with the clinical inefﬁciency
of transplatin. Nucleic Acids Res., 23, 2381–2388.
28. Poklar,N., Pilch,D.S., Lippard,S.J., Redding,E.A., Dunham,S.U.
and Breslauer,K.J. (1996) Inﬂuence of cisplatin intrastrand
crosslinking on the conformation, thermal stability, and energetics
of a 20-mer DNA duplex. Proc. Natl Acad. Sci. USA, 93,
7606–7611.
29. Pilch,D.S., Dunham,S.U., Jamieson,E.R., Lippard,S.J. and
Breslauer,K.J. (2000) DNA sequence context modulates the
impact of a cisplatin 1,2-d(GpG) intrastrand cross-link an the
conformational and thermodynamic properties of duplex DNA.
J. Mol. Biol., 296, 803–812.
30. Kasparkova,J., Mellish,K.J., Qu,Y., Brabec,V. and Farrell,N.
(1996) Site-speciﬁc d(GpG) intrastrand cross-links formed by
dinuclear platinum complexes. Bending and NMR studies.
Biochemistry, 35, 16705–16713.
31. Marky,L.A. and Breslauer,K.J. (1987) Calculating thermodynamic
data for transitions of any molecularity from equilibrium melting
curves. Biopolymers, 26, 1601–1620.
728 Nucleic Acids Research, 2011,Vol. 39,No. 2